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SUMMARY

1. Electrophysiological techniques are described which allow intracellular recording
from peripheral myelinated axons of lizards and frogs for up to several hours. The
sciatic and intramuscular axons studied here have resting potentials of -60 to-80 mV
and action potentials (evoked by stimulation of the proximal nerve trunk) of
50-90 mV. They show a prominent depolarizing afterpotential (d.a.p.), which is
present both in isolated axons and in axons still attached to their peripheral
terminals. This d.a.p. has a peak amplitude of 5-20 mV at the resting potential, and
decays with a half-time of 20-100 msec.

2. The peak amplitude of the d.a.p. is voltage-sensitive, increasing to up to 26 mV
with membrane hyperpolarization. The d.a.p. disappears as the axon is depolarized
to -60 to -45 mV, and does not appear to reverse with further depolarization.

3. The d.a.p. is not reduced when bath Ca is replaced by 2-10 mm divalent Mn or
Ni. The d.a.p. is not reversed when axons depleted of Cl (by prolonged exposure to
Cl-deficient, S04-enriched solutions) are bathed in Cl-rich solutions. These results
suggest that the d.a.p. is not mediated by a conductance change specific for Ca or
Cl ions. Partial substitution of tetramethylammonium for bath Na, or addition of
10-5 M-tetrodotoxin to the normal bathing solution, reduces the amplitude of both
the action potential and the d.a.p.

4. The amplitude ofthe d.a.p. is not sensitive to bath [K] over the range 1-7 5 mM,
provided that all measurements are made at the same holding potential. This result
argues that the d.a.p. is not mediated by accumulation ofK outside the active axon.

5. Treatments expected to inhibit the Na-K exchange pump (cooling from
25 to 10 'C, or 0-15 mM-ouabain) do not enlarge or prolong the d.a.p., although they
do abolish a slower hyperpolarizing afterpotential seen following repetitive
stimulation.

6. The passive voltage response of the axon to small injected pulses of depolarizing
or hyperpolarizing current shows a prominent, slowly decaying component with a
time course similar to that of the d.a.p. Depolarizing current reduces the input
resistance of the axon, and increases the rate of decay of both the passive voltage
response and the d.a.p. There is a slight conductance increase during the peak of the
d.a.p., but the same conductance increase can be produced by a comparable passive
depolarization.
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7. We conclude that the d.a.p. is due mainly to a passive capacitative current,

probably resulting from discharge of the internodal axonal membrane capacitance
through a resistive current pathway beneath or through the myelin sheath. We
suggest that this slow capacitative discharge becomes evident as soon as most of the
nodal ionic channels activated during the action potential have closed. An electrical
model of the myelinated axon that incorporates the postulated internodal leakage
pathway can account both for the prolonged d.a.p. recorded inside the axon, and for
the potential profile recorded extra-axonally in or near the internodal periaxonal
space.

INTRODUCTION

Previous studies have shown that action potential propagation in myelinated axons
is saltatory, i.e. that the major ionic and capacitative currents associated with the
action potential flow mainly from node to node, since the multilamellar myelin sheath
inhibits current flow across internodal membranes (reviewed in SUimpfli, 1952;
Tasaki, 1953; Hodgkin, 1964). Because the voltage-sensitive conductances in the node
have relatively fast kinetics, and because the input resistance and capacitance of
nodal membranes and the capacitance of the myelin sheath are relatively low, this
' node-to-node ' model for the electrical behaviour of myelinated axons predicts that
the passive electrical response of the axon should be relatively fast, and that the ionic
and capacitative currents associated with the action potential should cease flowing
within a few milliseconds. However, we present potentials recorded intracellularly
from myelinated peripheral axons oflizards and frogs which show a prominent, slowly
decaying component with a time course of several hundred milliseconds. This slowly
decaying component is evident in the passive electrical response ofthe axon to applied
hyperpolarizing current pulses, and as a depolarizing afterpotential (d.a.p.) following
the action potential. Further experiments described here indicate that the d.a.p. is
not due to any known ionic conductance system, or to extracellular accumulation
of K. Taken together, these findings support the hypothesis that the slowly decaying
voltage response reflects a passive electrical property of the intact myelinated axon.
If this hypothesis proves true, then the classical electrical model of the resting
myelinated axon must be modified to account for the slowly decaying component of
the voltage transient. We present a revised model in which the large capacitance of
the internodal axon membrane discharges via an internodal leakage pathway.
Preliminary calculations suggest that the most likely routes for the postulated
internodal leakage current are under the myelin sheath, through the periaxonal space
and the innermost layer of Schwann cell cytoplasm (see Mugnaini, Osen, Schnapp
& Friedrich, 1977).
We suspect that the d.a.p. we record accounts for much of the prolonged

superexcitable period that follows the action potential in frog axons (Raymond,
1979).
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METHODS

Preparation and solutions
Most intracellular recordings were made in the large myelinated motor axons (total fibre diameter

up to 10 /sm, axon diameter up to 7 ,um) that innervate the thin (one to two muscle cell layers)
dewlap extensor muscle in the jaw of small lizards (Anoli8 safrei) common in Florida. Some
experiments used motor axons in the thin cutaneous pectoris muscle of small frogs (Rana pipien8).
A few experiments used axons in the isolated frog sciatic nerve, or axons in the in situ rat ventral
root. The neuromuscular preparations were pinned flat against a glass coverslip and viewed at 700 x
magnification with Nomarski differential interference contrast optics. Frog sciatic nerve trunks
were placed on a glass coverslip coated with a layer of collagen and polylysine (to enhance
axon-substrate adhesion) and teased apart into small axon bundles, which were also viewed at high
magnification. The layer of bathing solution that covered these preparations was kept thin to
improve visibility.

Preparations were perfused with standard salt solutions (mM: 157 NaCl, 4 KCl, 2 CaCl2 for
lizard; 115 NaCl, 2 KCI, 1-8 CaCl2 for frog), all of which contained in addition 5 mM-glucose and
1 mM-PIPES buffer. Modifications of these standard solutions are described where appropriate in
the text. Bath pH was maintained in the range 7-2-7-5, monitored colorimetrically using small
amounts of the indicator dye, Phenol Red (1 mg/l.). The bathing solution could be changed within
a few minutes using a perfusion pump with equalized inflow and outflow. Most experiments were
performed at room temperature (20-25 TC).
The nerve trunk was stimulated with brief (0- 1 msec) pulses administered via a suction electrode.

In neuromuscular preparations muscle contractions were inhibited by blocking transmission pre-
or post-synaptically (presynaptic blockers: 0-5-10 mM-Mn, Mg, Ni or Co, with or without lowered
bath [Ca]; post-synaptic blockers: 10-4-10-6 M-curare or chronic exposure to carbachol). These
blocking agents did not produce the depolarizing afterpotential (d.a.p.) studied here because d.a.p.s
similar to those recorded in the axons of muscle nerves were recorded from axons in the isolated
sciatic nerve in the absence of neuromuscular blocking agents, and d.a.p.s recorded in the presence
and absence ofMn (curare present throughout) were similar (Fig. 4). Axons coursing across a muscle
were assumed to be motor. Many of these axons could be visually traced to a motor nerve terminal.
In a few cases curare was withdrawn at the end of a recording session, and an action potential was
evoked by passing depolarizing current into the axon through the intracellular electrode. In all cases
so tested, several muscle fibres contracted, further verifying that the electrode had been in a motor
axon.

Micro-electrode construction and placement
Short-shafted glass micropipettes were pulled with a Brown-Flaming micropipette puller (Sutter

Instrument Co.). The micropipettes were filled with 0-2 M-K2SO4, and had resistances of50-200 MQ.
More concentrated filling solutions (IM-KCl or 0-5 M-K2S04) were used occasionally, but impaled
axons remained electrically stable for longer periods of time with the less concentrated filling
solutions. Current was passed through the recording electrode using a standard Wheatstone bridge
arrangement. Electrodes used to pass current were first bevelled (method of Ogden, Citron &
Pierantoni, 1978) to reduce their resistance.
The micro-electrode was centred over the internode of a visualized surface axon using a

mechanical micromanipulator (built by C. Freites), and lowered until it visually depressed the
surface of the myelin sheath. The micro-electrode was then 'tapped' into the axon by applying brief
pulses (10-100 V, 1 msec) across the plates of a home-made piezoelectric device attached to the
micro-electrode shaft. Activation of this device produced a rapid forward movement of the electrode
tip.
Impalements were most stable when the horizontal projecton of the micro-electrode shaft was

parallel to the long axis of the axon (see also Fuchs & Getting, 1980). Most impalements were made
in the internodal region; potentials recorded here were indistinguishable from those recorded within
a few microns of a visualized node of Ranvier, as expected from the long space constant of
myelinated axons (see Discussion).

Successful axonal impalements were signalled by a sudden drop in potential (-50 to -80 mV
in standard salt solutions). Axons with initial resting potentials of -50 mV often hyperpolarized
over time to reach a stable level of -60 to -80 mV. Our best resting potentials (-70 to -80 mV)
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compare favourably with the average value of -71 mV estimated for unimpaled frog axons using
a bridge balancing technique (Huxley & Sthmpfli. 1951). Since the focus of this study is a slow
afterpotential, we adjusted the capacitance compensation setting of the input preamplifier
(Picometric 181) to reduce electrical noise, while still holding the time constant of the recording
system to less than 0 1 msec. This procedure selectively attenuates the amplitude of high-frequency
signals like the action potential, but does not alter the amplitude or time course of a slow potential
like the d.a.p. Thus in the records presented here, peak action potential amplitudes (in response

to stimulation of the proximal nerve trunk) are only 50-80 mV and show little or no overshoot,
considerably less than the average amplitude of 102-116 mV estimated by Huxley & Stampfli (1951)
and Tasaki & Frank (1955), or the largest peak amplitudes (> 11O mV) reported in the early
intracellular studies of Woodbury (1952) and Hardy (1973). Action potential amplitudes increase
as capacitance compensation is increased. In recent studies using what we believe to be optimal
compensation settings, action potential amplitudes of 100 mV have been obtained (K. Scappaticci,
unpublished observations). Also, our experiments were generally done at somewhat higher
temperatures (2(}-25 TC) than those used in earlier work (a 17 0), and in our hands low
temperatures tended to increase action potential amplitudes (Fig. 6).
Some impaled axons remained electrically stable for more than 60 min, and could be maintained

through several careful solution changes. The microscope light source was switched off during the
recordings to avoid overheating the axon.

In a few cases after 'tapping' the micro-electrode into the myelin sheath we recorded action
potentials with little or no preceding resting potential (Fig. 9C). These action potentials were

followed by a prolonged hyperpolarizing afterpotential, instead of the depolarizing afterpotential
recorded when the resting potential was more hyperpolarized than -50 mV. Since the depolarizing
afterpotential in a given axon was never reversed by depolarizing current (see Results) we suspect
that the few recordings showing hyperpolarizing afterpotentials resulted from electrode placement
within the myelin sheath or periaxonal space (see Fig. 9, Discussion).

RESULTS

Depolarizing afterpotential: origin and voltage sensitivity

Fig. 1 shows action potentials and afterpotentials recorded intracellularly from
lizard motor (A) and frog motor and sciatic (B andC) axons following stimulation
of the proximal nerve trunk. These axons, and all axons with resting potentials of
60 mV or better, show a prominent, prolonged depolarizing afterpotential (d.a.p.).
In a sample ofeighteen intramuscular lizard axons with a resting potential of -60 mV
or better, the peak amplitude of the d.a.p. ranged from 5 to 20 mV (mean
10 6 + 3 3 mV S.D.). The d.a.p. usually decayed monotonically, sometimes exponen-

tially. The half-time of decay in this eighteen-axon sample ranged from 20 to 98 msec

(mean 55-5 msec+ 194 msec S.D.). The amplitude and time course of the d.a.p.s
measured in frog intramuscular axons also fell within these ranges. Occasionally the
d.a.p. began with a brief plateau (Fig. 6A) or was preceded by a brief hyperpolarizing
'dip'. This dip, whose amplitude was enhanced by depolarization, is probably due
to the nodal K conductance.
The fact that a d.a.p. is recorded in sciatic nerve axons lacking central and

peripheral terminals (Fig.1C) indicates that this potential originates in the myelinated
axon itself.
The amplitude of the d.a.p. is sensitive to membrane potential in the region around

the resting potential. Fig. 2A shows action potential-d.a.p. sequences evoked in a

lizard axon at various imposed levels of membrane potential, and the triangles in Fig.
2Cplot peak d.a.p. amplitude as a function of membrane potential in this axon. D.a.p.
amplitude increased with hyperpolarization. In the axon of Fig. 2 peak d.a.p.
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amplitude increased from 10 mV at the resting potential (-70 mV) to 18 mV when
the axon was hyperpolarized to -80 mV. In another lizard axon peak d.a.p.
amplitude increased from 16 mV at -75 mV to 26 mV at -95 mV. In both axons
d.a.p. amplitude decreased approximately linearly with depolarization. The d.a.p.
showed no reversal potential. It disappeared at depolarized membrane potentials
(extrapolated values -58 mV and -46 mV in the two axons tested in detail). The

A

10 mV
20 msec

B

C
C

10 mV

10 msec

Fig. 1. Action potentials and depolarizing afterpotentials recorded intracellularly from
lizard (A) and frog (B and C) myelinated peripheral axons following suprathreshold
stimulation of the proximal nerve trunk. These records (and those in Figs. 3, 4, 6 and
9C) also include a voltage trace following subthreshold nerve trunk stimulation to show
the stimulus artifact and base line. Same calibrations in A and B. A, lizard dewlap extensor
muscle, 2 mM-Mn, 1 mM-Ca. B, frog cutaneous pectoris muscle, 6 mM-Ca, 2 mM-Mg,
10-5 M-curare. C, frog sciatic nerve, 2 mM-Ca, 2 mM-Mg.

d.a.p. disappeared before depolarization blockade of action potential invasion.
Similar voltage-dependent variations in d.a.p. amplitude were observed in all ofmore
than twenty lizard and frog axons tested.
The voltage sensitivity of d.a.p. amplitude was not merely an artifact of passing

current through the recording electrode, because d.a.p. amplitude varied in a similar
manner in axons which depolarized or hyperpolarized spontaneously, or in response
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Fig. 2. For legend see opposite.
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to changes in bath [K]. For example, when an axon was first penetrated, the resting
potential was frequently only -50 mV, and little or no d.a.p. was observed. In many
cases the axon then spontaneously hyperpolarized to a steady level of -60 to
-70 mV (presumably as the axonal membrane 'sealed' around the electrode), and
as it did so the d.a.p. appeared and grew in amplitude.
The half-decay time of the d.a.p. also varied with membrane potential, decreasing

with depolarization and increasing to 90-110 msec in axons hyperpolarized to -90
to -100 mV. In axons at the resting potential the d.a.p. usually decayed more
rapidly at early times; the late time course of the d.a.p. was often similar to that
recorded at more hyperpolarized potentials.
Most of the experiments described henceforth were designed to test three possible

mechanisms for this d.a.p.: (1) a passive capacitative discharge of internodal axon
membranes, (2) an ionic conductance change or (3) an accumulation ofK outside the
active axon.

Passive electrotonic response: similarity to the depolarizing afterpotential
Fig. 3 shows the passive response of a lizard axon to injection of hyperpolarizing

current pulses of varying duration, along with an action potential-d.a.p. sequence
evoked in that axon by stimulation of the proximal nerve trunk. The passive
electrotonic response has both fast and slow components, that are evident both during
and after the current pulse. In this and two other well characterized axons the slowly
decaying passive component, most prominent following long current pulses, has a
time course similar to that of the d.a.p. The electrotonic response to small,
subthreshold depolarizing current pulses also has a prominent slow component (Fig.
2A). The fact that a slowly decaying voltage response of the same polarity as the
stimulus can be seen following both hyperpolarizing and sub- and suprathreshold
depolarizing current pulses suggests that this slow component reflects a passive
membrane property of the axon. Thus it appears that intact myelinated axons have
a significant passive transmembrane current pathway with a much longer passive
time constant (about 100 msec) than has hitherto been suspected, and that most or

Fig. 2. Voltage-dependent conductance changes and voltage dependence of the depolar-
izing afterpotential in a lizard motor axon bathed in 1 mM-Ca, 0-5 mM-Mn. Resting
potential -70 mV. In A and B lower traces show recorded voltage, upper traces indicate
current applied through the recording electrode, and arrows indicate suprathreshold
stimulation of the proximal nerve trunk. Same calibrations in A and B. A, in each of the
five superimposed voltage traces the membrane potential of the axon was changed to the
indicated level by applying a current step. Then a brief (50 msec) depolarizing current
pulse was applied, and an action potential (top truncated) and d.a.p. were evoked.
Depolarization increases axonal input conductance and reduces the peak amplitude of the
d.a.p. B, in each of the seven superimposed voltage traces a subthreshold 50 msec
depolarizing current pulse was applied at various times during either the d.a.p. or a
subsequent 400 msec applied depolarization. Axonal input conductance is increased at the
beginning of the d.a.p., and during a passive depolarization to the level of the peak of
the d.a.p. C, circles plot the steady-state current-voltage relationship and triangles plot
d.a.p. amplitude as a function of membrane voltage measured from records like those in
A. The resting input resistance of this axon (measured from the slope of the line through
the resting potential (origin) and points hyperpolarized to the resting potential) was 86
MCI.
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all of the d.a.p. is a passive capacitative discharge of an internodal membrane
capacitance charged during the action potential. Possible internodal pathways for
this slow discharge are considered in the Discussion.

i Al~~~~~~~~~~~~~~~~~~~~~~i

05nA
20 mV

1 ~~~~~~~~~~200msec

Fig. 3. Similar time courses of the depolarizing afterpotential and the slowly decaying
component of the passive electrotonic response of a lizard motor axon in 2 mM-Ni. The
lower trace superimposes an action potential-d.a.p. sequence (evoked by stimulating the
proximal nerve trunk) and the passive voltage response of this axon to applied
hyperpolarizing current pulses of varying duration. Upper trace shows current pulses
applied through the recording electrode (onset and offsets retouched for clarity).

Conductance increase in depolarized axons

Fig. 2A shows the membrane potential changes produced by injecting long
(> 200 msec) current pulses into a lizard axon. The response to subthreshold
depolarizing current pulses has a smaller amplitude and a faster rise time than the
response to comparable hyperpolarizing current pulses, indicating that depolarization
decreases the input resistance and time constant of the axon. Circles in Fig. 2C plot
the steady-state current-voltage relationship measured from these data. The
depolarization-induced decrease in input resistance seen in this and five other tested
axons is most likely due to activation of the nodal K conductance. The resting input
resistance of this axon (measured in the hyperpolarized region of the curve) is 86 MC.
Resting input resistances ranged from 67 to 118 MKI (mean 88 MC) in eight lizard
motor axons. These measurements of axonal input resistance are somewhat higher
than those that would be expected from Tasaki's (1953, 1955) and Conti, Hille,
Neumcke, Nonner & StAmpfli's (1976) measurements of the membrane resistance of
single frog and toad sciatic nodes (40-80 M0 by Tasaki; 46-124 M0 by Conti et al.).
One likely reason for this discrepancy is that Tasaki's measurement technique
depolarized the nodes; in our hands depolarization reduced axonal input resistance
to 30 MC or less. Other reasons for our large measured input resistance values are the
smaller size ofour intramuscular axons (8-10 jsm fibre diameter compared to 12-14 ,tm
in Tasaki's and 14-18 jim in Conti et al.'s sciatic axons), and the fact that many of
our axons were impaled electrically close to their peripheral terminals. Our largest
input resistance values come from axons whose motor terminals were visible in the
microscope field (< 100 gm from the site of impalement).
Measurements of the voltage-time integral (area) of the response to brief, sub-

threshold current pulses (see Barrett & Barrett, 1976) indicate that axonal input
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conductance is increased during the peak of the d.a.p. (Fig. 2B). However, the
conductance increase during the d.a.p. is no greater than that achieved by injecting
current sufficient to depolarize the axon to the potential at the peak of the d.a.p. (Fig.
2B). Thus an increase in membrane conductance of the magnitude seen during the
d.a.p. does not require a prior action potential, and may in fact be a consequence,
rather than a cause, of the d.a.p.

A

3 mM-Ca

AWi

B

3 mM-Mn

10 mV

1 0 msec

Fig. 4. Action potentials and depolarizing afterpotentials evoked in a lizard motor axon
bathed in 3 mM-Ca (A) or 3 mM-Mn (B). 10-5 M-curare present throughout. Mn reduces
the amplitude of the action potential, and slightly increases and prolongs the d.a.p.

Ionic dependence of the depolarizing afterpotential
Calcium. To test whether a slow Ca influx might contribute to the d.a.p., we varied

bath [Ca] or added Mn or Ni, divalent cations which block Ca currents in many
preparations. The records of Figs. 2 and 3, obtained in 05 mM-Mn and 2 mM-Ni,
respectively, show that Mn and Ni do not block the d.a.p. Reducing bath [Ca] without
adding other divalent cations reduces the amplitude of the d.a.p. at the resting
potential. However, even in 01 mM-Ca the amplitude of the d.a.p. can still be
increased by passing hyperpolarizing current into the axon. Increasing bath [Ca]
above the normal 2 mm increases d.a.p. amplitude, but these effects of [Ca] on d.a.p.
amplitude are not specific for Ca, since Mn and Ni have similar effects. For example,
Fig. 4 shows records obtained in one axon bathed in 3 mM-Ca (A) and then in 3 mM-Mn
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(B, no added Ca). The d.a.p.s recorded in Ca and Mn are remarkably similar. Mn
reduces the amplitude of the action potential, consistent with its inhibitory effect on
the Na current in frog nodes (Arhem, 1980). These results suggest that Ca influx does
not contribute importantly to the d.a.p. The effect of divalent cation concentration
on d.a.p. amplitude is probably due to these cations' effect on membrane surface
potential. High divalent cation concentrations reduce the negative surface charge on
the external axon membrane, thus hyperpolarizing the effective transmembrane
electric field, which increases d.a.p. amplitude (Fig. 2A and C). Conversely, low
divalent cation concentrations depolarize the effective transmembrane field, which
decreases d.a.p. amplitude (see Hille, Woodhull & Shapiro, 1975, for a discussion of
surface charge effects on Na current).

Chloride. To determine whether the d.a.p. might be mediated by Cl efflux, we
attempted to reverse any transmembrane electrochemical gradient for Cl by depleting
the axon of Cl (via a half-hour exposure to an isosmotic, Cl-free, S04-substituted
bathing solution), and then exposing these Cl-depleted axons to a normal, Cl-containing
solution. This procedure should favour Cl influx, and would thus reverse any
Cl-dependent afterpotential. Since no d.a.p. reversal was observed, we conclude that
a Cl current is not the major mechanism of the d.a.p. Variations in bath [HCO3]
likewise had little effect on the d.a.p.
Sodium. Reductions in bath [Na] (1-2 of bath Na replaced by tetramethyl-

ammonium) reduced the amplitudes of both the action potential and the d.a.p. Both
potentials were also reduced, and subsequently abolished, by addition of 10-5-10-6 M-
tetrodotoxin (TTX) to the normal bath solution. Neither treatment produced any
consistent change in the resting potential. In TTX the amplitude reductions of both
the action potential and the d.a.p. often occurred in a sudden, stepwise manner,
perhaps signalling conduction failure at a nearby node. Because TTX and reductions
in [Na] alter the action potential as well as the d.a.p., these experiments give no
conclusive evidence concerning a possible Na contribution to the d.a.p.

Potassium. Depolarizing afterpotentials recorded or inferred in a variety of
neurone somata and axons are often attributed to an accumulation of K in a
restricted extracellular space surrounding the active neurone (reviewed in Zucker,
1974). Accordingly, we tested whether the d.a.p. in peripheral myelinated axons might
be due to extracellular K accumulation, either in a space accessible to the bath (e.g.
around the node), or in a relatively inaccessible periaxonal space (e.g. under the
myelin sheath in the internodal region).

If the d.a.p. were due to accumulation of K in an accessiblle space, its amplitude
should vary with bath [K]. Specifically, for a given rate ofK efflux from the active
axon, d.a.p. amplitude should increase as bath [K] is reduced, and decrease as bath
[K] is increased. This is because the K leaving the active axon changes the
transmembrane K equilibrium potential (EK) more when bath [K] is low than when
bath [K] is high. The curves in Fig. 5 plot this expected dependence of the change
in EK on bath [K], calculated using the Nernst equation. As indicated, the curves were
calculated assuming that K efflux from the active axon temporarily increases
extracellular [K] by 1, 2 or 4 mm. The exact relationship between the change in EK
and the change in the amplitude of a K-dependent depolarizing afterpotential will
depend on the permeability characteristics of the axonal membrane, but in all cases
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d.a.p. amplitude would be expected to decrease as bath [K] increases, by an amount
proportional to the change in EK.
We tested this prediction by measuring peak d.a.p. amplitude in five axons as bath

[K] was varied over the range 1-7-5 mm (higher [K] often blocked action potential
propagation). Because d.a.p. amplitude is so sensitive to membrane potential (Fig.
2), all amplitude measurements were made at a membrane potential of -70 mV,
maintained by passing small steady currents through the recording electrode. The
circles in Fig. 5 show the averaged results of these d.a.p. amplitude measurements

20 20
1 2 4

E
E

I V V

2, 10 1O
(U ~~~~~~~~~~~E

-c~~~~~~~~~~~~~~~~~C

C.)

0 2 4 6 8 10
Bath [K]

Fig. 5. Effects of bath [K] on the depolarizing afterpotential. Circles indicate the mean,
and bars the range, of the peak amplitude of the d.a.p. (right ordinate) in at least five
lizard motor axons bathed in 1, 4 and 7-5 mM-K. D.a.p. amplitudes were measured from
the same baseline membrane potential (-70 mV), maintained by passing current through
the recording electrode. The curves labelled 1, 2 and 4 show calculated changes in the
transmembrane K equilibrium potential (EK, left ordinate) ifthe K efflux following a single
action potential increases extracellular [K] by 1, 2 or 4 mm, respectively. Recorded d.a.p.
amplitudes show no tendency to change with bath [K], suggesting that the d.a.p. is not
due to K accumulation around the active axon.

in 1, 4 and 7-5 mM-K. These data indicate that when membrane potential is held
constant, d.a.p. amplitude does not vary with bath [K], suggesting that the d.a.p.
in myelinated axons is not due to a build-up of K around the node. When no steady
currents were injected, the resting membrane potential varied with bath [K],
hyperpolarizing slightly in 1 mM-K and depolarizing slightly (by 3-10 mV) in
7.5 mm-K. These membrane potential changes had the same effect on d.a.p. amplitude
as similar membrane potential changes occurring at constant bath [K].

Temperature dependence of axonal afterpotentials
We also considered the possibility that the d.a.p. might result from an accumulation

of K in a restricted extracellular space that is completely or relatively inaccessible
to the bath (e.g. the periaxonal space in the internodal region). Since any K added
to this space during axonal activity could not readily leave by diffusion, the rate of
decay of [K] in this space would be expected to be determined by the rate of active
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K uptake into the axon or Schwann cell. If so, the rate of decay of any K-dependent
d.a.p. should be sensitive to treatments which inhibit the Na-K exchange pump, such
as low temperature or ouabain. However, we found that 0 15 mM-ouabain (not shown)
and temperature changes in the range 10-25 TC had little effect on the rate of decay
of the d.a.p. studied here. For example, Fig. 6A and B shows d.a.p.s recorded in a
frog motor axon at 25 and 15-5 'C. The action potential has a greater amplitude and
duration at the lower temperature, but the d.a.p. is smaller than, and decays over

A

25 0C

B
15 5OC

10mV[

50 msec

Fig. 6. Effect of temperature on the action potential and depolarizing afterpotential in
a frog motor axon bathed in 2 mM-Ca, 1 mM-Mn and 10-5 M-curare. A, 25 0C B, 15*5 0C.
Lowering the bath temperature increases the amplitude and duration of the action
potential and reduces the amplitude and duration of the d.a.p. The action potential in
B is truncated, and its rising phase is retouched for clarity.

about the same time course as, the d.a.p. measured at 25 'C. The smaller amplitude
of the d.a.p. at lower temperatures may have been due in part to a slight (< 5 mV)
axonal depolarization. Similar changes in the action potential and d.a.p. were seen
in two additional temperature change cycles in this same axon and in two additional
lizard and frog axons. In no case did lowering the bath temperature to 10-15 'C
increase or prolong the d.a.p. recorded after a single action potential. Thus the
amplitude and duration ofthis d.a.p. do not appear to be controlled by a temperature-
sensitive active uptake of K.

Repetitive stimulation reveals the existence of slower afterpotentials which are
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temperature- and ouabain-sensitive, and thus involve an electrogenic ion pump. Fig.
7A and B shows afterpotentials recorded in a frog axon following a brieftrain of50 Hz
stimulation at 25 and 14 'C. (Note that the time scales in this Figure are much slower
than in the other Figures.) The afterpotential recorded at the higher temperature has
an initial depolarizing component (the d.a.p. of Figs. 1 and 6), which is followed by
a slowly decaying hyperpolarization. This hyperpolarizing afterpotential is even more
A illhllili

!!I~!I!Ii25 0C

200 msec 10 mV

5 sec

--J

B ~~~~~140C

D

5 sec

Fig. 7. Effect of temperature and ouabain on afterpotentials following repetitive activity
in motor axons. A and B. Frog motor axon (same axon as Fig. 6). A train of 14-16 impulses
at 50 Hz is followed by a prolonged hyperpolarizing afterpotential at 25 0C (A), and a
prolonged depolarizing afterpotential at 14 0C (B). Same calibrations in A and B. C and
D, lizard motor axon bathed in 2 mM-Ca and Io-5 M-curare. Stimulation at 15 Hz for 10 sec
results in a prolonged hyperpolarizing afterpotential (C) that is absent in 0 15 mM-ouabain
(D). Base lines added for clarity in A and C.

pronounced following longer, faster stimulus trains (Fig. 7 C). The slow hyperpolar-
ization disappears at lower temperatures (Fig. 7 B) or in the presence of 0-15 mM-
ouabain (Fig. 7 D), suggesting that it is due to an electrogenic Na-K exchange pump.
At cold temperatures a train of action potentials is followed by a very slow
depolarizing afterpotential (Fig. 7 B), whose magnitude increases with the frequency
and duration ofthe preceding stimulus train. This very slow depolarizing afterpotential
may reflect an accumulation and subsequent diffusion-limited decay of [K] in the
space around the active axon.

In summary, the effects of bath [K], temperature and ouabain on the early
(< 500 msec duration) d.a.p. suggest that this potential is not due to an accumulation
ofK in the periaxonal space. However, K movements probably do contribute to the
slower hyperpolarizing and depolarizing afterpotentials seen following repetitive
stimulation.
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DISCUSSION

The experiments presented here use intracellular recording techniques to charac-
terize a prominent depolarizing afterpotential (d.a.p.) in myelinated motor axons of
frogs and lizards. Our results indicate that this slowly decaying d.a.p. is not due to
a conductance change specific for Ca or Cl, or to K accumulation outside the active
axon. Instead the d.a.p. appears to be primarily a passive capacitative discharge,
because the voltage transient evoked by a hyperpolarizing current pulse has a slowly
decaying component whose time course resembles that of the d.a.p. (Figs. 2 and 3).
Thus it appears that frog and lizard myelinated axons have a slow (time constant
50-150 msec) current pathway, in addition to the fast (time constant 1 msec)
pathway described in the classical literature.
The prolonged depolarizing afterpotential so prominent in our intracellular records

has not, to our knowledge, been recorded in previous studies of frog axons. Most
earlier studies concentrated on the fast voltage changes and currents associated with
the action potential itself. Also, standard voltage-clamp techniques electrically
isolate the internodal regions surrounding the clamped node with vaseline seals and
exposure to a non-conducting medium (sucrose or air), thus reducing the internodal
current that most likely produces the d.a.p. in intact, in situ axons. Some early
intracellular recordings show what may be the beginning of a depolarizing after-
potential (e.g. Fig. 5 in Woodbury, 1952), but this was not a consistent finding, per-

haps because the d.a.p. is absent when the axonal membrane is depolarized (Fig. 2).
We considered the possibility that the internodal leakage pathway postulated in

our model for the d.a.p. (Fig. 8C) might be an artifact produced by micro-electrode
penetration of the myelin sheath. That is, the electrode track might itself introduce
a relatively low resistance leakage pathway from the internodal periaxonal space to
the bath. However, at least two independent lines of evidence convince us that the
d.a.p. is a real afterpotential that occurs in intact, non-impaled axons. First, a large
d.a.p. persists even after blocking action potential generation in adjacent nodes by
injecting hyperpolarizing current into the internodal recording site. If the d.a.p. were

generated only by the impaled internode, then its amplitude should be proportional
to the time integral of the action potential depolarization. The fact that injected
hyperpolarizing current attenuates the recorded d.a.p. much less than the recorded
action potential amplitude argues that a significant portion of the d.a.p. must
originate in adjacent non-impaled internodes. Since the axonal space constant is
longer for slow events such as the d.a.p. than for fast events such as the action
potential (see below), it is not surprising that the d.a.p. decreases less than the action
potential in response to local node block. Secondly, the intracellularly recorded d.a.p.
bears many similarities to the negative afterpotential recorded extracellularly from
frog sciatic A fibres: the magnitudes of the d.a.p. and the negative afterpotential are

similarly affected by changes in bath [Ca] and [K] and cooling (compare Figs. 4 and
6 with the results ofGasser, 1937). Also, the time course of the intracellularly recorded
d.a.p. is very similar to the time course of axonal superexcitability measured
following action potentials in single, unimpaled frog sciatic axons (see Raymond,
1979, who also reviews earlier work on superexcitability). Both the d.a.p. and
superexcitability are absent in depolarized axons, and both cumulate less than
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linearly following short bursts of action potentials (compare the results in Figs. 2 and
7 with those of Raymond, 1979). Following intense activity, the depolarizing-
hyperpolarizing afterpotential sequence we observe (Fig. 7A and C) is similar to the
supernormal-subnormal excitability sequence observed by Raymond (1979, his Figs.
7 and 15; see also Gasser, 1937). Thus available evidence suggests that the d.a.p. we
record intracellularly also occurs in non-impaled myelinated axons, and contributes
importantly to the post-stimulus superexcitable period in these axons.

Passive capacitative current model for the depolarizing afterpotential
Analogue circuits of myelinated axon

Fig. 8 shows three electrical models of the myelinated axon, each superimposed
on a crude diagram of a node-internode sequence. Part A shows the circuit suggested
by most earlier studies, which lumps together the resistance and capacitance of the
internodal axonal membrane and the membrane layers of the myelin sheath. With
this model, current injected into a node can leave the axon either through a node
(major pathway) or through the internode-myelin pathway (a minor pathway, since
the resistance of the internodal axon and myelin membranes in series, Rim, is very
large, while the capacitance of internodal and myelin membranes in series, Cim, is
very small). In this classical model both the major and minor current pathways have
short time constants, because both the nodal capacitance, CN, and the lumped
effective internodal capacitance, Cim, are relatively small (1-3 pF). To account for
the long time constant component of the passive response of these axons (Fig. 3),
we propose an additional internodal current pathway, shown in Fig. 8 B, which permits
the large capacitance of the internodal axonal membrane, Ci, to discharge to the bath
via an internodal leakage resistance, Ril, under or through the myelin sheath.

Simulation of the depolarizing afterpotential
To estimate the magnitude of the postulated internodal leakage resistance, we first

simplifed the circuit of Fig. 8B to that in Fig. 8C, by omitting those components
which would have little effect on a slowly decaying response like the d.a.p.

Omitted components were the axoplasmic resistance, the nodal capacitance and the resistive and
capacitative current pathways through the series of compact membranes of the myelin sheath. The
axoplasmic resistance has a negligible effect on the d.a.p. because the action potential is conducted
so rapidly that large lengths of axon are virtually isopotential during the d.a.p. Nodal capacitance
is negligible compared to the internodal capacitance because the nodal membrane area is small
compared to the internodal membrane area. Very little of the current from the internode will flow
through the series of membranes of the myelin sheath, because their summed series resistance is
very large and their effective series capacitance very small.

We then used our electrophysiological measurements to estimate the values of the
circuit elements in the model of Fig. 8C for a typical large motor axon (outer fibre
diameter 10-11 sm, estimated axon diameter 7 ,um). Our calculations used an action
potential amplitude of 75 mV and a d.a.p. amplitude of 10 mV. We assumed that
the slow time constant of the axon membrane is 100 msec, the time constant of a
typical d.a.p. in a hyperpolarized axon. If the d.a.p. is indeed a passive capacitative
discharge, its time constant in a hyperpolarized axon, where the current-voltage
relationship is linear over the voltage range traversed by the d.a.p. (Fig. 20C), should
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membranes of the internodal axon and the myelin sheath. B. suggested revised model,
in which the internodal axon membrane discharges to ground via an internodal leakage
resistance under or through the myelin sheath. C, revised model, simplified to include only
those circuit elements which have an important effect on the slow depolarizing
afterpotential (see text). RN = resistance of nodal membrane, CN = capacitance of nodal

membrne, ax =' resistance ofaxoplasm, Rim = lumped resistance ofinternodal axon and
Myelin sheath membranes in series, Cim = lumped capacitance of internodal axon and
myelin sheath membranes in series, Ri = resistance of internodal axon membrane,
C, = capacitance of internodal axon membrane, Ril = internodal leakage resistance,
RMY = resistance of myelin membranes in series, CmY = capacitance of myelin membranes
in series. * denotes periaxonal space. Insertion of recorded d.a.p. parameters into the
simplified model of C suggests that for a 1 cm length of a 7 4um diameter axon
ci = 2-2 x 10- F/cm, ril = 9 MQcm, and the effective in parallel resistance of ri and rN is
45-5 MQcm (see text and Appendix).
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approximate the slow passive time constant of the axon membrane. As detailed in
the Appendix and summarized in Table 1, these measurements and assumptions yield
a membrane capacitance of 2-2 x 10-9 F/cm, an effective membrane resistance (rE,
equal to the nodal and internodal resistances added in parallel) of 45-5 Mf~cm, and
an internodal leakage resistance (rij) of 9 Mfcm. This estimate of ril is an under-
estimate when the recording system selectively attenuates the amplitude of the action
potential (see Methods). For example, if the true action potential amplitude were
116 mV (Huxley & StAmpfli, 1951) instead of 75 mV, ril would increase to 14 Mf2cm.

TABLE 1. Quantitative description of model myelinated axon

Measured values
Outer fibre diameter
Action potential amplitude
Peak amplitude of d.a.p. (mean)
Time constant of decay of d.a.p.
Rin, input resistance (mean)

Assumed values
d, axon diameter
p, axoplasm resistivity
Distance between nodes
Specific membrane capacitance of axon
Number of layers of myelin
Width of periaxonal space: internode

paranode
Length of myelin sheath attachment segment
Width of innermost layer of Schwann cell cytoplasm
Specific resistance of Schwann cell membrane
Number of Schmidt-Lanterman incisures per internode
Cross-sectional area of Schmidt-Lanterman incisure
Width of extracellular space within myelin

Calculated values
CE, cD, capacitance of a 1 cm length of axonal membrane
rE, effective resistance of a 1 cm length of axonal
membrane (resistance of internodal and nodal
membranes in parallel)

ril, internodal leakage resistance of a 1 cm length of axon
RN, input resistance of a single node (discrete model)
Ra, axoplasmic resistance between two adjacent nodes
Rin, calculated input resistance of myelinated axon
RE, effective specific membrane resistance of nodal
and internodal membranes added in parallel

Rip, specific resistance of internodal leak pathway
A(wo), space constant of axon for signals of the

indicated frequencies

10-11 um
75 mV
10mV
100 msec
88 MQ

7 4ma
110-1 14 f2cmbh
1 mmC
1 uF/cm2d
> 1OOC
2-4 nm (large axons)c
15-20 nm (small axons)
2-3 nmC
2-4/mC
10-25 nmC
600 Qcm2 d
20e
0-02-0-027 /m2 f
15-30 Ag

2-2 x 10-s F/cm
45-5 M(lcm

9 MfIcm
227 MQ
30 MCI
58-83 MQ
105 Qcm2

2 x 104 CIcm2
4-6 mm (0 Hz)
2-5 mm (10-300 Hz)

a Landon & Hall (1976) give ratio of axon diameter to outer fibre diameter of 06-0-7.
b Tasaki (1955), toad peripheral nerve.
I Berthold (1978), cat peripheral nerve.
d Hodgkin (1964).
e Hiscoe (1947), rat peripheral nerve.
f Measured from Fig. 10 of Mugnaini et al. (1977), cat cochlear nerve.
g Schnapp & Mugnaini (1978), frog peripheral nerve.
h Schwarz, Neumcke & Stiimpfli (1979), frog peripheral nerve.
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These estimated resistance and capacitance values were assembled into an analogue

circuit like that of Fig. 8C, and an action potential was simulated by injecting into
this model axon a 3 msec current pulse that produced a depolarization of 75 mV. This
simulated action potential has a voltage-time integral similar to that of our best
recorded action potentials (200 mV msec). The model yields a depolarizing after-
potential closely resembling those recorded in real motor axons (compare Fig. 9A to
Figs. 1A and B and 6).

A

B

J0

c

10 mV
20 msec

Fig. 9. A and B, intracellular (A) and periaxonal (B) voltage profiles produced by applying
a simulated action potential to the analogue circuit of Fig. 8C (see text). C, action poten-
tial and hyperpolarizing afterpotential recorded from internodal region in the absence of a
resting potential. The electrode tip was probably extra-axonal, in the myelin sheath or
periaxonal space (see text). Same calibrations in A, B and C.

In some axons the d.a.p. is preceded by a brief plateau or hyperpolarizing 'dip'
(e.g. Fig. 6A). We simulated this in the model axon by injecting a briefhyperpolarizing
pulse immediately after the initial depolarizing pulse (not shown). As in real axons,
the d.a.p. in the model axon rebuilds after an initial hyperpolarizing dip, since the
brief hyperpolarization is not sufficient to dissipate all the charge on the internodal
membrane capacitance.
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Voltage sensitivity of the depolarizing afterpotential
The time integral (AV x time) of a passive depolarizing afterpotential will be

sensitive to the extent of charging of the internodal capacitance and to the input
resistance of the axon during the d.a.p. These considerations help to explain the
observed voltage sensitivity of the d.a.p. (Fig. 2): depolarization reduces the d.a.p.
amplitude and the decay time by decreasing the amplitude of the action potential
(thus decreasing the charging of the internodal capacitance) and, more importantly,
by reducing the input resistance of the axon over the voltage range traversed during
the d.a.p. (Fig. 2C).

Preliminary observations of the effect of tetraethylammonium ion (TEA), a K
channel blocking agent, on the d.a.p. are also consistent with the passive discharge
model. Even though it depolarizes the axon, TEA markedly increases the amplitude
and time course of the d.a.p., probably because it prolongs the action potential and
(via its K channel blocking properties) increases axonal input resistance (Scappaticci
& Barrett, 1981).

Possible pathways for current flow from internode to bath
The morphology of myelinated axons suggests several possible routes for the postu-

lated resistive current pathway between the internodal periaxonal space and the bath
ground. We estimated the resistance of these pathways using the morphological
measurements listed in Table 1, to determine whether any of these estimated pathway
resistances fell close to the internodal leakage resistance of 9 MCI cm calculated from
electrophysiological measurements of the d.a.p. (see above and Appendix). Note that
most of the morphological measurements come from mammalian (cat, rat, rabbit)
peripheral nerve, the tissues used in the majority of the detailed morphological
studies available to us. Most calculations used the formula r = (pl)/A, where r is the
resistance of a particular pathway in a 1 cm length of axon, p is the resistivity of
the medium (65 Qcm for extracellular pathways, 114 f2cm for intracellular path-
ways), and 1 and A are, respectively, the length and cross-sectional area of the
pathway.

One possible leakage pathway is the periaxonal space, the extracellular space between the
internodal axon membrane and the innermost layer of Schwann cell membrane (arrow 1, Fig. 10).
This space is partially sealed off from the bath by the close (1-3 nm) apposition of the lateral loops
of myelin and the axon in the paranodal region, but the space can be penetrated by extracellular
markers such as horseradish peroxidase myelinatedd fibres in newt, Krishnan & Singer, 1973; also
reviewed by Schnapp & Mugnaini, 1978). According to Berthold (1978) the width of the periaxonal
space in the internode of cat myelinated peripheral axons varies from 2-4 nm in large fibres to
15-20 nm in small fibres. Calculations using the morphological values listed in Table 1 suggest that
the resistance ofa current pathway through the periaxonal and paranodal extracellular space ranges
from 42 to 400 MCI cm, the exact value depending on the width of these spaces.
Another possible internodal leakage pathway is an intracellular pathway through the network

of cytoplasmic belts in the Schwann cell (see Fig. 10, modified from Fig. 22 of Mugnaini et al. 1977).
Current flowing from internode to bath through the cytoplasm of the Schwann cell would have to
cross the Schwann cell membrane twice (upon entering and leaving the Schwann cell cytoplasm),
but these membrane crossings would add less than 1 MCI cm to the leakage resistance, assuming
a value of 600 Qcm2 for the specific resistance of Schwann cell membranes. We calculated the
resistance of two possible intracellular pathways, a pathway through the inner belt of Schwann
cell cytoplasm (arrow 2, Fig. 10), and a spiral pathway through the clefts of Schmidt-Lanterman
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Fig. 10. Possible pathway for current leakage under or through the myelin sheath. This
diagram of an 'unwrapped' myelin sheath in the peripheral nervous system is modified
from Fig. 22 of Mugnaini et al. (1977). Dark areas denote regions of compact myelin; light
areas cytoplasmic belts within the Schwann cell. The diagram is not to scale: the size of
the cytoplasmic belts and of the innermost and outermost turns of the Schwann cell are

greatly exaggerated. Dotted lines indicate possible pathways for the internodal leakage
currents postulated in the text: (1) through the periaxonal space, (2) through the
cytoplasm ofthe innermost turns of the Schwann cell, (3) spiral pathway through the clefts
of Schmidt-Lanterman, and (4) spiral pathway through the thin water layer in compact
myelin. Calculations based on available morphological measurements suggest that path-
ways 1 and 2 have the lowest resistance to current flow.
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(arrow 3, Fig. 10). In cat peripheral nerve the width of the cytoplasm in the innermost turn of the
Schwann cell is 10-25 nm (Berthold, 1978), which yields a resistance of 52-130 MKI cm for this
pathway in the axon of Table 1. A complete spiral pathway through the cytoplasm of the incisures
of Schmidt-Lanterman (assuming twenty incisures per 1 mm node as found in rat peripheral axons
by Hiscoe (1941) and a cross-sectional area of 0 02-0{03 1um2, based on measurements from Fig. 10
ofMugnaini et al. 1977, for cat cochlear nerve) would have a resistance of510-750 MKI cm. However,
most current entering the Schmidt-Lanterman incisures would leak out to the nodes via the
longitudinal incisures, because the calculated length of a complete Schmidt-Lanterman incisure in
the axon of Table 1 exceeds the length of a half-internode.
We also calculated the resistance of a spiral pathway through the extracellular water spaces of

the compact myelin sheath, estimated to be 15-30 A wide in frog peripheral myelinated axons
(Schnapp & Mugnaini, 1978). There are morphological signs of tight junctions at both the internal
and external openings (mesaxons) into the intramyelin extracellular space, but Coggeshall (1979)
reports that in mammalian spinal roots the internal and external mesaxons are not completely
sealed, suggesting that current can flow through this space. This spiral pathway would have a
resistance of about 3-20 MQ cm per turn of myelin around a 7 Jim diameter axon, or about
300-2000 MQcm for the 100 + myelin wraps around the axon of Table 1. Thus this particular
current leakage pathway would be more important in smaller axons, which tend to have fewer
myelin wraps.

While none of the estimated resistances of these possible internodal leakage
pathways is as low as the value of 9 MQ cm estimated from electrical measurements,
these rough calculations do indicate that myelin morphology is compatible with the
existence of substantial internodal leakage currents. The 'in-parallel' resistance of
the two lowest resistance leakage pathways for the axon of Table 1, namely the
periaxonal space and the innermost layers of Schwann cell cytoplasm, is about
25 MQ cm, reasonably close to the electrical estimate. We expect some discrepancy
between electrical and morphological estimates of the internodal leakage resistance,
for several reasons. Our electrical estimate of leakage resistance is probably an
underestimate, because of the frequency response of our recording system (see above
and Methods), and because some current may leak through the myelin along the
electrode track itself (although evidence cited above concerning the existence of
substantial depolarizing afterpotentials in unimpaled internodes suggests that
electrode-induced current leakage is not a major cause of the d.a.p.). Estimates of
internodal leakage resistances calculated from available morphological data are
probably over-estimates, because standard preparation of tissues for electron micro-
scopy produces some shrinkage (Berthold, 1978). Paranodal morphology and the
dimensions of the Schmidt-Lanterman incisures are known to be especially labile
(Landon & Hall, 1976).

Consideration ofaxonal morphology predicts that the internodal leakage resistance
will be lower, and consequently d.a.p. amplitude higher, in smaller axons. This is
because smaller axons tend to have wider periaxonal spaces, fewer myelin wraps, and
shorter internodal lengths than larger axons (Berthold, 1978). Also, smaller axons
would be expected to have a higher average membrane resistance per unit length,
and d.a.p. amplitude increases with the ratio of axonal membrane resistance to
internodal leakage resistance. Our preliminary observations support this prediction:
at a given membrane potential large sciatic axons (Fig. 1 C) tend to have smaller d.a.p.
amplitudes than (presumably smaller) intramuscular axons, and motor axons near
their terminals have larger d.a.p. amplitudes than motor axons prior to terminal
branching. Also, factors that disrupt Schwann cell morphology (e.g. non-isotonic
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solutions, demyelinating drugs such as lysophosphatidylcholine, and demyelinating
diseases such as multiple sclerosis) should tend to decrease internodal leakage
resistance and thus to increase d.a.p. amplitude.

Extra-axonal recordings from the internode
In a few cases (e.g. Fig. 9C) a micro-electrode inserted into an internodal region

recorded 20-40 mV action potentials that were followed by a prolonged hyperpolar-
ization instead of the usual prolonged depolarization. There was little or no
(< 10 mV) associated resting potential, suggesting that these unusual records
originated outside the axon. Previous micro-electrode studies (Tasaki, 1952; Wood-
bury, 1952; Hardy, 1973) also reported recording action potentials of up to 30 mV
amplitude in the absence of a normal resting potential. The polarity and substantial
amplitude of the action potential suggest that in these cases the micro-electrode was
in a space connected to the intra-axonal space by a relatively large capacitance, and
isolated from the bath by a substantial resistance. We therefore suspect that these
unusual records originated in the periaxonal space or somewhere within the myelin
sheath. Injection of a simulated action potential into the axon model of Fig. 8C does
produce in the periaxonal space (* in the Figure) a large action potential followed
by a slowly decaying hyperpolarizing afterpotential (Fig. 9B). Thus, the passive
membrane model of Fig. 8C can account (at least qualitatively) for both the
depolarizing afterpotential recorded intra-axonally and the hyperpolarizing after-
potential recorded in or near the periaxonal space.
The different time course of the predicted (Fig. 9B) and observed (Fig. 9C)

hyperpolarizing afterpotentials may reflect non-uniform charging of the internodal
membrane capacitance during the action potential. If, as we suspect, the major
pathways for internodal leakage current are through the periaxonal space and the
innermost layer of Schwann cell cytoplasm, the distributed nature of this resistance
will make the axonal membranes nearest the node (which have a lower leakage
resistance to ground) charge more quickly than membranes near the middle of the
internode. This non-uniform charging will give rise to redistribution currents along
the periaxonal space, especially during the early portion of the d.a.p.

Axonal space constant as a function of signal frequency
The revised electrical model of the myelinated axon that we propose (Fig. 8B)

predicts a different frequency dependence for the axonal space constant, A, than the
classical model (Fig. 8 A). The classical model predicts that A should remain
approximately constant for signal frequencies between 0 and at least 300 Hz, and then
decrease with further increases in signal frequency. Our revised model predicts that
A should begin to decrease at frequencies as low as 1 Hz, and after decreasing about
50% should reach a plateau in the frequency range 10-300 Hz, decreasing again at
higher signal frequencies. The plateau in the intermediate frequency range occurs
because at these frequencies most of the membrane current will pass through the large
internodal axonal membrane capacitance, bypassing the high internodal axonal
membrane resistance. This capacitative current will be limited only by the smaller
internodal series leak resistance. Thus in this frequency range, which includes much
of the frequency power spectrum of the action potential, the axonal space constant

138



DEPOLARIZING AFTERPOTENTIAL IN MYELINATED AXONS 139
(A) will be determined primarily by the resistance of the internodal leakage pathway
(ril), the axoplasm resistivity (p), and the inner diameter of the axon (d):

A10300 Hz = 2dV(iri1/P).
The value of ril used in our model predicts a value of 2-5 mm for A in this intermediate
frequency range. Since nodes in these peripheral axons are about 1 mm apart, this
A value is compatible with saltatory conduction. If ril decreases (for example, during
a demyelinating disease), the space constant also decreases, jeopardizing action
potential conduction.
The space constant predicted for very low frequency signals (0 to 1 Hz) is longer,

about 441-46 mm, since at low frequencies the internodal axonal membrane resistance
is no longer bypassed by the capacitative current route. Thus slow potential changes
like the d.a.p. would be propagated passively for a considerable distance along a
myelinated axon. We have occasionally even recorded slow, d.a.p.-like potentials
propagating in the absence of the fast action potential, but have not investigated this
phenomenon in detail.

Functional importance of axonal depolarizing afterpotential
The depolarizing afterpotential in the peripheral axons studied here appears to be

primarily a-passive depolarization. This passive afterdepolarization would be expected
to increase axonal excitability, and indeed Raymond (1979) demonstrated that frog
sciatic axons have a prolonged superexcitable period, whose time course is very
similar to that of the d.a.p. we record. Our preliminary observations in lizard axons
also indicate that axonal excitability is increased during the d.a.p. This superexcitable
period could thus be important in conducting high-frequency repetitive activity
through regions with a low safety factor for conduction, such as axonal branch points,
short demyelinated segments, or unmyelinated nerve terminals (see Raymond, 1979).
Action potentials arising during a superexcitable period will also have a faster
conduction velocity, so that prior activity in an axon will alter both the probability
and the velocity of subsequent impulse transmission in that axon (Swadlow &
Waxman, 1976).
Our calculations and preliminary observations (Fig. 1) suggest that the amplitude

of the d.a.p. is larger in smaller axons, and increases as the axon approaches its
terminal. If this prediction proves true, the d.a.p. that propagates electrotonically
into the unmyelinated motor nerve terminal may be quite large, and may contribute
to the repetitive discharge of motor nerve terminals observed under certain experi-
mental conditions (see review of Miyamoto, 1978). The postulated prolonged
terminal depolarization may also contribute to the prolonged elevation of miniature
end-plate potential frequency that follows the end-plate potential (delayed release,
Rahamimoff & Yaari, 1973). However, it seems unlikely that the d.a.p. is a
rate-limiting factor in the facilitation of evoked transmitter release observed during
repetitive nerve stimulation (Mallart & Martin, 1967; Magleby, 1973). The d.a.p. and
facilitation have similar time courses at room temperature, but the time course of
facilitation slows markedly as the temperature is lowered from 20 to 10 °C (Balnave
& Gage, 1974), while the time course of the d.a.p. changes little over this temperature
range (Fig. 6).
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Depolarizing afterpotentials in other axons
Preliminary intracellular recordings from rat ventral root axons in situ also exhibit

a depolarizing afterpotential (Fig. 11). This d.a.p. decays much more rapidly than
the d.a.p.s seen in lizard and frog axons. This shorter duration is consistent with
reports that the 'supernormal' (superexcitable) period and the whole-nerve negative
afterpotential (depolarizing afterpotential) in large peripheral axons (A fibres) are
shorter in mammals than in frogs (Gasser, 1937). We do not yet know whether the
d.a.p. in rat peripheral axons is mediated by internodal leakage currents. However,
the quantitative analysis presented above suggests that all myelinated axons have
some internodal leakage currents.

10mVL

Fig. 11. Action potential and depolarizing afterpotential recorded intracellularly from a
rat ventral root axon in situ (terminals intact). The d.a.p. is briefer than that in frog and
lizard axons.

Depolarizing afterpotentials and post-stimulus superexcitable periods are by no
means limited to myelinated axons. The whole nerve recordings ofGrundfest & Gasser
(1938) showed that unmyelinated C fibres of the mammalian hypogastric nerve have
a post-stimulus superexcitable period with the same time course as the negative
afterpotential. More recently, Gardner-Medwin (1972) demonstrated a large super-
excitable period in unmyelinated cerebellar parallel fibres, and Waxman & Swadlow
(1976) report that both myelinated and unmyelinated visual callosal fibres in rabbit
have superexcitable periods. Depolarizing afterpotentials have been recorded in
terminal and preterminal regions of single, unmyelinated crayfish motor axons
(Dudel, 1973; Fuchs & Getting, 1980), and these terminals have a post-stimulus
superexcitable period (Zucker, 1974). The reported durations of the superexcitable
periods in these various axons range from 5-250 msec. The mechanisms of the
superexcitable periods in these other axons, and of the depolarizing afterpotentials
that have been shown or inferred to underly them, are as yet unknown. Many have
been attributed to extracellular K accumulation, because in some axons super-
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excitability and/or the magnitude of the (extracellularly recorded) depolarizing
afterpotential are reduced when bath [K] is elevated (Zucker, 1974). However, our
results indicate that it is important to distinguish the K sensitivity of the d.a.p. from
its voltage sensitivity. In lizard axons the effect of bath [K] on d.a.p. amplitude
appears to be indirect, mediated by K effects on membrane potential, because d.a.p.
sensitivity to bath [K] disappears when membrane potential is held constant (Fig.
5). Also, the d.a.p. following single action potentials in frog axons is not prolonged
by cooling (Fig. 6) or ouabain, treatments expected to slow the rate of active K
uptake.

It is conceivable that the d.a.p. postulated in unmyelinated axons might, like the
d.a.p. in some myelinated axons, represent a passive capacitative discharge.
Unmyelinated axons would show a long passive d.a.p. if the axonal membrane has
a high specific membrane resistance, and hence a long passive time constant, and if
activation ofaxonal K channels requires relatively large depolarizations, so that most
of the K channels activated during the action potential close before the axon has
completely repolarized. If this model is accurate, then the time course of the d.a.p.
in unmyelinated axons would, as in some myelinated axons, reflect a passive time
constant of the axonal membrane. Axonal time constants of 100 msec or more have
been reported; for example, Hudspeth, Poo & Stuart (1977) describe barnacle
photoreceptors whose average passive membrane time constant exceeds 300 msec.

APPENDIX

Estimation of axonal electrophysiological characteristics

Effective axonal membrane resistance, rE
The effective membrane resistance in the axon model of Fig. 8C can be estimated

from the time constant of the d.a.p. in hyperpolarized axons, Td.a p.' which should
approximate the slow time constant of the axon membrane (see text). Thus Td.a.p
should be approximately equal to the product ofthe effective membrane capacitance,
CE, times the effective resistance of the circuit, rE:

Td.a.p. = CErE. (1)

Only the nodal and internodal axon membrane resistances need be considered in
estimating rE, because the existence of a significant long-time-constant current
pathway in myelinated axons in itself argues that the internodal leakage resistance,
rij, is small compared to the effective membrane resistance of the axon. Thus, rE is
approximately equal to the resistances of the nodal (rN) and internodal (ri) axonal
membranes added in parallel: ri. rN

rE
ri + rN

Assuming that the axonal membrane (which consists mostly ofinternodal membrane)
has a specific membrane capacitance of 1 #iF/cm2 (see Table 1), the capacitance of
a 1 cm length of membrane in our larger motor axons (estimated 7 #tm diameter) is
2-2 x 10-9 F/cm. Using a reasonable Td.a.p value of 100 msec, eqn (1) yields a value
of 45-5 Mfcm for the effective resistance of a 1 cm length of this axon (effective
specific resistance, RE, of 10 cm2).
As an internal check on the consistency of the model of Fig. 8C, we calculated the



142 E. F. BARRETT AND J. N. BARRETT
range of axonal input resistance (Rin) values compatible with the model and
compared it to the range of Rin values (67-118 MQ) measured in our larger (7 jsm
diameter) motor axons.
The upper limit of the input resistance values compatible with the model was

calculated using a 'discrete' version of the model, which assumes that the input
resistance in resting axons is determined mainly by the nodal resistance, i.e. that for
a 1 cm length of axon the internodal membrane resistance ri is much larger than the
nodal membrane resistance rN. Using our estimated value for axonal diameter
(d = 7 jum) and assumed values for internodal distance (1 mm) and axoplasmic
resistivity (p = 114 (acm) (see Table 1), this discrete version of the model predicts
that the axoplasmic resistance between two nodes (Ra) is 30 MC, and that the input
resistance of a single node (RN) is 227 Mfl. This value for RN is higher than the value
of40-124 MQ given for frog nodes by Tasaki (1955) and Conti et al. (1976) (see Results
section on axonal input resistance). The calculated input resistance (Rin) at an
internode in the centre of such a multinodal network, given by:

= /(Ra2+4RaRN)
is 83 MC.
A lower limit for Rin was calculated assuming that Rin is dominated by ri. This

version of the model essentially assumes that the axon is a uniform core conductor,
because the internodal membrane area is much larger than the nodal membrane area.
Rin, given by the core conductor equation:

1 /REP
in A/ d3

equals 58 MCI.
Models assuming that both nodal and internodal membranes make significant

contributions to the resting input resistance (e.g. Tasaki, 1955) yield Rin values
intermediate between the two extremes (58 and 83 MC) calculated above.

Thus, regardless of the exact distribution of the resting membrane resistance
between the internodal and nodal axonal membranes, the model of Fig. 8C yields
input resistance values (58-83 MC) close to the range of values measured experi-
mentally in 7 #sm diameter motor axons (67-118 MC). Our measured Rin values are
probably higher than those that would be measured in the infinite 7 #um diameter axon
assumed in the calculations, because distal to our recording sites the motor axon
branches and narrows to closed-end terminals. Predicted Rin values would increase
if axoplasmic resistivity (p) were 160- Qcm (Chiu, Ritchie, Rogart & Stagg, 1979)
instead of the assumed 114 acm.

Internodal leakage resistance, ril
The leakage resistance from the internodal periaxonal space to ground, ril, was

estimated from the ratio of the peak amplitudes of the action potential and d.a.p.,
which was 75 mV/10 mV (or 7-5 :1) in our healthiest motor axons. We injected a
3 msec, 75 mV pulse simulating the action potential into the axon model of Fig. 8C,
and determined the value of ril required to give a 10 mV simulated d.a.p. The use
of a single lumped circuit (Fig. 8C) to estimate ril is justified because the rapid
conduction of the action potential (estimated at 20 mm/msec for a myelinated axon
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with an outer diameter of 10 ptm, Tasaki, 1953) makes long segments ofthe axon (more
than 20 mm, much greater than the space constant) virtually isopotential during the
slow d.a.p. The simulated action potential, though unaccompanied by the normal
nodal conductance changes, should charge the internodal capacitance to the same
extent as a real action potential. The value of ril so determined was 91 MQcm for
the discrete version of the axon model (see above), 8-6 MQcm for the uniform core
conductor version. The simulated d.a.p. had the same exponential decay
(T = 100 msec) regardless of how the total resting membrane resistance was parti-
tioned between nodal and internodal axodl membranes. The specific internodal
leakage resistance (Ril) was 2 x 104 Qcm2.
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